
AI JVANCICI) ‘1’1;1  ,IK)1’1IX{ATION
‘JkdInology  lnnovrrticms  and Applications

]’aul S. Schcnkc.r  and Antal K, IIcjmy

Jet Propulsion 1,riborrilory, Crrlifomia lnstih]tc  of Ikhology
4800 Otik @OVC ])Ik/ MS ~ 98-219

l%adcna,CA91109
w.l~c.llkc.~@>tcJcrobolics.jl~l  .nm.gov

AIIS’1’RAC1’

‘1’hc crymbilit y to rmotcl  y and robot icrill y pcrfonn  in-sprrce rtsscmbl  y, inspect ion, servicing, and scicncc funct ions
would rrrJ~icil y expand our Jmsencc  in space, ml the. cost efficiency of being them’1 ‘Imre. is thus cmsiclc,rabJc  inte.re.sl
in (JcvcloJ~ing  “tc.lcrobot  ic” technologies, which also hrwc cmnprtrrtb]  y impor(ant  tcmst rial aJq~licat  ions in areas such
as health cam, mdcrwatcr  srilvrrgc,  and nuc]car  waslc  rmediation.  Such tasks, both sJ~acc and terrestrial, require both
a robot and oJxxator  intcrfrtm that is highly flexible and adaptive, i.e., c,aJlablc  of efficiently working in changing and
ofle.n crwall  y st ruct med environments. one, systems approach to tJlis rcquircmcnt  is to augment t racl  itional tcleoJwr-
at ion with computer  assists -- Udvaw!d tch?o]mnfioll,  Wc have. sJwnt a mmbcr of years Jmrsuing  this aJJpr’each, and
highlight some kcy technology dcvclopmcmts  and thcit  potential cmlmcruial  impact below.”1 “his paper is an ilhw4ra-
t ive. summary rather than self-cent aincd  present at ion; wc include re.JMcscnt  at ivc technical rcfcre.nccs  to out’ work
which will allow the re.adcf  to follow up items  of particular inte.re.st.

A IHlllit;  ‘J’JK31N1CA1,  OVlilWJt  iW

‘Jklerobot ics tcchno]og,y development [ 1 ] is mo(ivatcd  by a desire to remotely perform comJdcx physical tasks uncle.r
human  supxvisory  control.  ‘J’o date, robotic syslcms  that have embodied significant suJwvisory  (autonomous) colI -
trol of their n~aniJmlation  functions have been limitcc]  to highl  y st mctwcd tasks that were Jwrformcd  undc.r  favorable
and ccrlain ccmdit  ions -- by definition not comJIlcx tasks, and not adaptive pcrfomancc.’1 ‘his has fos~emd  the wide-
spread USC. of tckopcrat  ion, which at the. other extrc.rnc  from automation, is a charrwtcrist  ical I y 1 aboriom  manual plo-
ccdurc, historically rrpJJlicd  to hazardous cnvironmc.nts  such as nuclear materials hanclling,  ul)cict’sc.as  rccovcry, ancl
remnt ly, space shntlle  oJY3’at  ions. Virf d f’)J  Virmmwnf.s  and vit’hlal reality cnginccring  are related and cm’cnll y pop-
ular areas of tec.hno]ogy  de.ve]oJmlcJlt,  where.in the, hm nan opcrat or dircctl y mmipulatcs  or expcriemm a modckl,
ratlmr than J~hysical  rcalit y, via a cm~Jnltcr-synthc.  sis and approJ~riatc inp~lt/output  clcvices (e.g., m as[cr control
gloves/stcrem-in}nwrsing displays). ‘l”hcm. exists an imporlant  technical intersection of this technology with tclc!obol-
ics, and sJxxific.ally  tejc-opcrrition:  virhlal  ewironmcnts arc useful tools for simulation and design, including task
frnalysis,  training, tmd on-line, tmk jwcvicw and prediction. ‘JIM, if they can bc cfficic.ntly  integrated and physically
calibrated with tcJcoJ)cration  systems, virtual cnvironnwnts  have promise to assist  the. operator’s on-line Jmc~.JMual,
planning. rind controJ functions.

With regard to space aJ@icritions,  teJcoJMat ion systems cm]cl  have inlporiant  roles in runote platform servicing,
tclc.scic.ncc.,  and lunar  cxJiorat  ion, as already illustt  atcd in M’S Slmttlc RMS operations. }lowcvcr,  the physical and
logistical demands of sJ>am tclcj~lal~il~~llatioj~,  pariicular]y  in ICSS structw-cd  environments, will bc high. 3’asks can bc
ph ysic.al  I y complex and til~~c-col~s~ln~itlg,  and the operator’s manual dc.xte,rit y and e.yc-tohand motion cal i brat ion
must  I-w good. 1 krt her, the work will often bc conduc.tcd  under degraded obscrvat  ional  conditions and this bc tedious
and fatiguing. Oporaticmal  uncertainties include.  obstructed viewing ancl manipulation, as WCI1 as the very clisoricnting
effects of potent id COJII I?]unicrtt  ion t imc-dc]ay  bet wcm the oJw.rat cw inputs and robot act iom (a major  obstacJc  t o
achieving dc.sirablc grouncl  versus on-orbit operations). III the fricc of these co] kzt ivc pI oblctns  (which have the.ir
nwt aphors in other apJdicat ions areas such as minilnal  I y invasive rnc.dic.d robot ics and dccJ) sca tclcopcrat ions), wc
have bwn trying to cnhancc the performance of traditional tcleopcra(ion,  and have made progress in the, technical ar-
eas of nxhmdant  teiJcIllaIliI~LJ]ator  control, viewing syslcJIM, real-time graJhics-based task simulation and Jmdictivc
cmt rol, integrate.d opxator  intc.rfacl. clcsign, and syskms-scale ground Jabomtory  cxpcrimcn(s.  ‘1’hc. laborat ory photo-
fy’aJi]s  of the. next page give a semc of the system tdlno]ogy  components dcvelopd,  and wc comment bdow On
spdfic enabling technical advances (with SUJJpOt’~i  ng cit at ions). 1 ‘or the rcadc.r seeking an engineering overview of
this work, refercncc  [2] provides a broad san~J)ling ml technically dctai]cd  survey up to 1991,
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A mrtin cxpcrimcnttd  thrust  in our lrrb has bem emd-to-cncl  systclil-level Pcrfcmanct.  charactcri~ation -- formal ex-
periment clcsign, integrated system clcmonstrations,  task ii}strtlt~ici~tatiol~  & data capture, and human fackm analysis.
Collectively, the goal has been to qutmtif y operator limitations, component technology requirements, and their inte.r-
clcpmlemics  in the context of tasks simulnted  with realist ical I y posed opcrat  ional  constraints (lighting, task geme=
try, time-delay, control & communication bandwidths,  viewing & display limitations, ctc,). ‘J’hc accompanying
lcclmicrd issues m assessing technology impacl on reduct  ion of opcrtttor error, workload, and training, each in itself
a significant risk and emit driver for sJ~acc  oJwrrt(ions. As noted above, adva)lced  tclcopcrdim  is cm~Jm(cr-assisted
tclmanipulat  ion, wherein the oJwrato! remains in manual COlltJ’01  of the task, but with cxtcndcd  funct ional caJ~abili -
(ics and rcdumd cognitive complcxit  y of t ask intc.ract  ion. ‘J ‘hc conlJmtc.r  assists we. have, dcvc]oJwd  to date. encompass
intcraclivc  task plalnl~itlg~sinl~llatiol~  aids [3], gt’aJlhics  user inte,rfaccs  for system progratl~tllin#mll~  l~~alld/statLls  dis-
play [s], and several nmdcs of folcc-rcfcrenmd  tclcopc.rater control which arc tolerant to operator positioning error
(e.g.,  “shared compliance control” rts described in [2,71 and mfcrenccs  ti~crcin). in its n~ost gc,ncral forn~, advan~,d te-
lc.oJwration  entails sensory fusion and dccmtrali~ed  control, given that the system sensing, planning, ancl control
functions m inherently dis(ributcd  bet wecn oJwrator and cmputcr,  and we. have dc,veJoJwd gcncralired  arc.hitectut’cs
and related sensory processing mode.ls rind techniques in this vein 161. Rcgat’ding  the controls area, wc have invest i-
gatcxl a variety of kinesthetic position, rate, force-fccdbac,k, ml  shared cmlJ~liancc  modes  for tclcoJwration [2,71;
these cmt rols were firsl  applied to dual six dcgm of flccdom  (d,o.f.)  1’UMA manipulators and nlolc  rcccntly  to high-
dcxtwit  y eight d.o.f.  redundant manipulators [81, W11OSC dc.veloJmlcnt  has included computer-based tedmiqucs  of
task redundancy marmgcmcnt.  Wc have formall  y evaluated the. opcrat or ut i lit y of these cent rol modes, along,  with
more traditional posit ion and rate apJ~~ oac.he.s,  through simulated sJ~acc.  scrvici ng e.xJm-in~cnts  [71. As one e,xan~Jdc,
WC. performed quat]t ificd cxJw.rinmts which te.lcrobot  icall y rc-enacted high dcxterit y Solar Maximum M ission satel-
lite repair  proccdms  originally performed by astronaut extra-vehicular ac.iivity  (JiVA)  during the 1984 sJ~acc.  shuttle
flight  S’1’S- 13. (Mm suJq~cmting  dcvclopmcnts  include real-t imc gt apbics  environments wbic.h allow the operator to
animate, analyze, and train on tclcoJwrator  tasks, ruId in a most gene.ral case, ac.hlally me the graJi~ic.  viriual  environ-
ment as a basis for rcliab]c  tclcopcration  under mult  iplc semnd time delay [3,4]. Wc bclicvc the area of g,raphics-aug-
mcntc.d tclcnpcrat  ion has particular promise, for sJ~acc trJq~licat ions and comment furllm,  by way of an exanlJ~lc.

AN A1’1’J <l CA’I’JON 11 KiIIl /IGI1’J’
A significant obstac.lc to the accept ancc of spacr. tclcrohotic  systc.ms  is the. impact the.y might have on opwa[ional
t imclincs  of crew and plat form resourcxx. If a significant parl of th is burden could bc shifted to ground opcrat  ions,
them the technology benefits  would bc far greater, Serendipitously, utilizing ground opcrat ions would also free. tlm
operator c.ont rol sliat ion of m an y sJ>acc-borne inlJJlctnc.rl  t at i on c.onst rai nts, e.g., high degrees of COITIp~J  t at km al power
could bc brought to bear. “J’lm objcctivc  of grouncl CJpCI’tIdOIl of a sJJac~, robot performing a cmplcx task confronts a
basic systcm limitation: robotic automation is not yet sufficiently gencralimd  to allow control by uJdink sequencing
of d isc.wte. high-level commands. Ratlmr, the operator’s cent inuom direct manual control and eye-to-hand perceptual
coordination is rcqyircd.  1 Iowe.vcr, the itnplicd  &’OUild-tO- orbit tclcoJw.rat  ion aJJproac.h  will not suffice either. 3 ‘hc
problcm lies in t inlc-dc]ay communic.at  ions transit (2- 10 scmnds latency in current smnarios).  “J’hc oJw.rater cannot
“fly-by-wire” cmficlcntly or coordinate his eye-to-hand skills when causal action-rcac.tion is on the order of seconds;
in fact, pcoJdc rttJild I y adopt a move-and-wait behavioral pat term wltcm latcmcies  are gre.atc,r  than .2.5 scmnds.

(%r aJ>Jwoach  to rwsolving  this fundamental limitation is to dcwc.lop a class of 3-IJ graJi~ics  clisp]ay  which visually
simulates the robot mJ~onsc in mal-tim itmcd  iac.y to the oJxu’ator’s  inJmt, in csscmcc,  the opcra~or  intc.racts with a
vir(ual twk nmdcJ, ‘J’bus, the critical details of tl)c. task (and robot itself) must bc accurately niodc.led, and fllt’kl,
must bc very accu ratcl y gcomct rical 1 y calibrated to the oJwratol’s  real (t itm-dclayccl) video pcrccpt ion. la tc.rlns of
practical injplc.mcmtation,  this results in a 3-1> high-fidelity gy’aJ~hics  disJ~]ay  which must bc comztly rcgistemd  in
t ranslat ion, scale, and asJw~t  to the multi  c.amcra video clisplay.  SW the second page of laboratory photograJils  for a
rcJwcscnt at ivc example. Our dcvcloplacnt  of this p] cdiclivc glaphics  display (with a cal ibratccl  virtual malit y) has
enabled us to preserve the oJwrational  feat ure,s of tclcopcrat iol I, and operate with itltcrm it tent  titnc dcla ys UJ) to 5-10
seconds. in a rcmnt demonstratio~~  depicted in the. lab photos, WC. in coordination with colleagues at NASA Goddard

[Space }’light  Center, performed a simulated on-orbit cquipmcllt  changcout function similar to that anticipated for
future 1 lubblc Space “lt]cscopc sckicing:  from J]’]., having, modeled rmd calibrated the rcrnote.  GSIC robot site., wc
tclcoJxmtivcl  y dctachcd and rc.mounkd  an ORIJ. ‘1’hc. motion planning and cxccut ion, both in free space and
gumlcd-contact.  were gcllcratcd  by tcJcnJxx’fttion,  with accuracic.s of mill imte.rs  over a work vohJmc. of mctcrs~.
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‘J’hc ability  to calibrate and animate a virhlrrl cnvironmcmt  with respect to actual visurtl  robotic workspacm appears to
have significrml  applimtions  potential. As onc cx8mJk,  in the ruca of medical  robot ic.s, it suggests a nmbcr of J>ossi  -
bilities  for computer-guided stmxmxic proccdms,  microtclcmbotic  surgery, tclcsurgcry  proper (actual remote smgi-
cal thcatres),  also multisensory data prcse.ntation  rmcl viswrli~ation.  And of come, calibrated VR seemingly is a key
ingredient in plrmn ing and exemt ing tclcrobot  ic. OJW[  rtlions  in remc}tc scenarios subject to either t imc (JeJay  red/or
pariirrl viewing obstruction. 10 this end we have joined with llmcb Robotics, inc., of Auburn IIills,  Ml, to cmpcra-
tivcly develop a calibrated 3-1) graphics-on-viclco  funclion within their line. of 3-1) graphics simulation products.
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scmpc. SCI vicins:  from .1 I’1., having scomcli  ically  modcleci  and visually c:ilibralcd  tbc “remote” GSIC lobot  si(c, WC,
te.lcopcr;itivc]y  detached and remounted  an ORU. ‘1’hc motion plantling :ind c.xccution, bc~tb in flee space an(i
~~t]al-dcd-co])t:ic[,  WC] c gct~c.rafcd by pLtrc tclcopc.laliol~, \Ji(b accutacics of mil  Iime[c]s cnfcr a \voIk  volume of se.\’ctal
lnctc.1’s cubed.

CONINIIH{CIAI  , NIAI<KIYI’S

‘1’bc  abilily to calibla[c  and animate a \’ittLtal cn\’itotll[lcll( \\’i(b respect 10 actual \’isLlal robotic \vorks}Jacc.s  appears to
ba\’c.  si~,nifican[ applications potential. As onc  cxamplr’, in tbc am of mdical robotics, it suggcs(s  a IIHIIIbCI” of possi-

bilities for  collll~lllcr-g,lli(lc.cl  slcxcolaxic procedures,  ]Iliclcltclclc)tlotic  Sulgcly, Iclcstltgcty ptopcr (aclual mmotc sut-gi-

cal (Iw.atlc.s), also multisc.nsmy  clata prcscn(ation  :ind \isL]:iliz.:\ti(~l~. And of COUJSC, cnlibratcd VI< scc.lnill~ly is a key
ingycdienl  in pl:in[~ing and cxccutinr, tclcmbolic  opctations  in rclnotc scenarios subject 10 ci[ber  linlc delay and m
]]ar(ial vicwit~g obs[tl.lction. ‘] ’() this cnd  WC. ba\’c joitlt’d \\i[b IJcncb Robotics, IDc., of Aubu II~ 1 lills, Ml, (o coopc.t:t-
li\wly dc\Ic.lop  a calibrated 3-1) p,ra]Jllics-orl-\’iclccJ  fLlllction \vi(llin  thcil line of 3-1 ) glaphics simulation l,] CXIUCIS.
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